The stratum corneum of the skin serves as an effective barrier for maintenance of the internal milieu against the external environment. At the cell periphery of the stratum corneum is the cell envelope, a highly insoluble membranous structure composed of precursor proteins crosslinked by -(␥-glutamyl)lysine bonds. Transglutaminase 1 (TGase 1; keratinocyte TGase), a membrane-bound isozyme of the TGase family, has been proposed to catalyze this process of assembly. Deficient cross-linking of the cell envelope in some patients with the autosomal recessive skin disorder lamellar ichthyosis (LI) and several mutations of the TGase 1 gene that have been identified in families with LI suggest the importance of this gene in production of the cell envelope. In this study, we generated mice lacking the TGase 1 gene, and we report that they have erythrodermic skin with abnormal keratinization. In their stratum corneum, degradation of nuclei and keratohyalin F-granules was incomplete and cell envelope assembly was defective. The skin barrier function of TGase 1-null mice was markedly impaired, and these mice died within 4-5 h after birth. These results clearly demonstrate that the TGase 1 gene is essential to the development and maturation of the stratum corneum and to adaptation to the environment after birth. Thus, these TGase 1 knockout mice may be a useful model for severe cases of LI.
The outermost surface of the body is covered by the stratum corneum, which is an effective barrier essential to protect the internal milieu of the organism from the external environment (1) . This structure is made of layered cornified cells, produced by terminal differentiation of keratinocytes in the stratified squamous epithelium (2) . This process of keratinization proceeds according to a complex and elaborately controlled differentiation program with the coordinated expression of genes encoding specialized components, enzymes, and regulatory molecules (3) .
The dead cells of the stratum corneum contain a keratin filament-matrix composite in the cytoplasm (4) . The periphery of the cells is lined with a 15-nm-thick membranous structure, termed either the marginal band ultrastructurally (5, 6) or the cornified cell envelope (7, 8) . The cell envelope is a highly insoluble structure, which is composed of -(␥-glutamyl)lysine cross-linked proteins, including involucrin, cystatin-␣͞ keratolinin, loricrin, elafin͞SKALP, cornifins͞small prolinerich proteins, keratin intermediate filaments, filaggrin, annexin I, and various other proteins (9, 10) .
Transglutaminases (EC 2.3.2.13) are Ca 2ϩ -dependent enzymes that catalyze -(␥-glutamyl)lysine cross-linking reactions in a wide variety of biological processes to produce stable structures composed of polymerized proteins and thereby maintain cell and tissue integrity (11) . Transglutaminase 1 (TGase 1; keratinocyte TGase) has been identified as a membrane-bound TGase isozyme (12) , the activation of which is coordinated with formation of cross-linked cell envelope in cultured epidermal keratinocytes (13, 14) . TGase 1 is expressed in the stratified squamous epithelium, predominantly in the upper spinous and granular layers beneath the stratum corneum (15, 16) .
The human TGase 1 gene (TGM1), which encodes a 92-kDa protein consisting of 816 amino acid residues, is located on chromosome 14q11.2 (17, 18) . Several mutations of TGM1 have been found in some families with an autosomal recessive skin disorder termed lamellar ichthyosis (LI) (19) (20) (21) , a clinically heterogeneous disease (22) , and linkages to chromosome 2q33-q35 (23) and another unknown locus have been reported (21, 24) . LI is frequently evident at birth as a ''collodion baby'' because of a collodion-like translucent membrane encasing the body, sometimes accompanied by erythroderma (1, 22) . After the membrane is shed, the skin develops severe ichthyosis with large, thick, dark-brown hyperkeratotic scales. Reports of deficient cell envelopes in some cases of LI (25, 26) suggest that TGase 1 is important in the formation of the cell envelope.
In this study, to elucidate the function of TGase 1 in epidermal development and keratinization, to characterize its contribution to skin barrier function in vivo, and to produce a murine model for LI, we generated mice lacking the TGase 1 gene by homologous recombination in embryonic stem (ES) cells.
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Construction of the Targeting Vector. A mouse TGase 1 genomic DNA was isolated from a 129͞SVJ genomic library (Stratagene). The 5Ј flanking region and a 3Ј portion of exon 3, which correspond to 5.5-kb XbaI-BamHI and 2.5-kb XbaIXhoI fragments from the TGase 1 genomic DNA, were subcloned in pBluescript II KS(ϩ) (Stratagene), then inserted into the XbaI-KpnI and XhoI-NotI sites of the targeting vector pPNT, respectively, to produce pPNTmtg1 for gene targeting of TGase 1.
Selection of Targeted ES Cell Clones. Ten million ES cells (line R1) were transfected with 25 g of a NotI-linearized pPNTmtg1 by electroporation. After positive selection with 150 g͞ml G418 and negative selection with 0.51 g͞ml ganciclovir, homologous recombination of ES cell colonies was analyzed by PCR using the primers P1 (5Ј-GCGCATGCTC-CAGACTGCCTTGGGAAAAGC-3Ј) and P2 (5Ј-GCCCAT-TCCCTGTACTACCTGTGGTGGTCA-3Ј), and by Southern hybridization of BamHI-and HindIII-digested DNA.
Generation of TGase 1 ؊/؊ Mice and Genotyping. Two clones, in which one allele of the TGase 1 gene was disrupted, were expanded and injected into C57BL͞6 blastocysts. Male chimeras derived from the clones were bred with C57BL͞6 female germ-line mice carrying the targeted allele, and F 2 offspring generated by their interbreeding were identified by Southern hybridization and PCR analysis of tail DNA by using three primers, P3 (5Ј-GGTTGNGGGGGCGGGCGGGTG-ACTCTTCTA-3Ј), P4 (5Ј-GCGNAGGTTAGGTGTGTCC-GTTGTTCTTAG-3Ј), and P5 (5Ј-CCAAAGGCCTACCCG-CTTCCATTGCTCAGC-3Ј), (N ϭ A, G, C, or T). These primers were designed to distinguish the 0.7-kb targeted allele band (P3, P5) from the 0.5-kb wild-type (P4, P5) band (Fig.  1A) .
Northern Blot Hybridization. For Northern blot hybridization, 5 g of poly(A) ϩ RNA partially purified from fetal skin (18.5 dpc) by Oligotex dT30 (Takara Shuzo, Kyoto) were used. A 1.1-kb cDNA for mouse TGase 1, extending from exon 2 to exon 8, was amplified by reverse transcriptase (RT)-PCR using the primers U205 (5Ј-CCTTCTGGGCTCGCTGTGG-3Ј) and L1353 (5Ј-CAGAATCATGGTTCAGGTGCTC-3Ј), which were designed on the basis of the homology between human and rat TGase 1 cDNA sequences (18, 28, 29) . The TGase 1 cDNA and RT-PCR products of TGase 2, TGase 3, and G3PDH, the sequences of which were compatible with each cDNA, were subcloned and used as probes for hybridization. Primers used were as follows: TGase 2, U1861 (5Ј-TTTCCG-ATCCCCTGTATGACTGC-3Ј) and L2322 (5Ј-TGCTGGTG-ATGGCTCTCCTCTTA-3Ј), TGase 3, U1509 (5Ј-GAAGTT-CAAGGTCACGGGGATAC-3Ј), and L2063 (5Ј-GCAGGA-AAAGTCAGCGAGCAGTT-3Ј), and G3PDH, primer R (5Ј-TCCACCACCCTGTTGCTGTA-3Ј), and primer F (5Ј-ACCACAGTCCATGCCATCAC-3Ј).
Histological Analysis. Tissues processed into 4-m paraffin sections were subjected to staining with hematoxylin and eosin and to in situ hybridization. The procedures for electron microscopy and immunoelectron microscopy were as described previously (30) . Ultrathin sections were incubated with rabbit anti-mouse loricrin antibody (Babco, Richmond, CA) and then with AuroProbe EM GAR G10 (10 nm in size; Amersham). To test the resistance of the cell envelope against protease digestion, ultrathin sections were incubated prior to immunolabeling either with 0.25% trypsin in phosphatebuffered saline (pH 7.4) at 37°C for 1 h or with 0.4 mg͞ml proteinase K in 50 mM Tris⅐HCl (pH 7.4) at room temperature for 5 min.
In Situ Hybridization. In situ hybridization was essentially as described previously (31) . Digoxigenin-labeled antisense complementary RNA (cRNA) probes for in situ hybridization were prepared by using the mouse TGase 1 cDNA used for Northern hybridization and keratin 14 cDNA (32) .
Measurement of Transepidermal Water Loss (TEWL).
TEWL from the dorsal skins of neonatal mice was examined under normal conditions, by using a Courage and Khazaka Tewameter TM210, as described previously (33) . The instrument is an open chamber system with two humidity and temperature sensors which measure the water evaporation gradient at the surface of the skin. Parameters were determined by using the software of the apparatus according to the manufacturer's instructions.
In Vitro Diffusion Experiment. Mouse dorsal skins were excised, mounted in side-by-side diffusion chambers (effective surface area: 0.126 cm 2 ), and allowed to stabilize at 37°C with Ringer's solution (pH 7.4). Donor and receiver fluid volumes were 1.5 ml. After 1 h of preincubation, [ In Vivo Transdermal Absorption of Fluorescent Dye. Neonatal mice were restrained in Petri dishes with their backs in contact with 1 mM Lucifer yellow in Ringer's solution (pH 7.4) at 37°C. After 1 h of incubation, mice were sacrificed, then frozen and dorsoventrally sliced at a thickness of 5 m. The sections were counterstained with 5 g͞ml propidium iodide and then analyzed by fluorescence microscopy.
RESULTS
Targeted disruption of the TGase 1 gene was achieved by replacing exons 1-3 with a Neo cassette by using homologous 95 (1998) recombination in R1 ES cells (Fig. 1 A) . These exons encode the translation initiation codon and an N-terminal stretch unique to TGase 1 that is required for membrane anchoring (34) . Screening of 144 ES cell clones by PCR and Southern blot analysis revealed 20 mutant ES clones carrying the targeted allele. Of these, 2 clones (nos. 27 and 32) were used to generate chimeric animals (Fig. 1B) , and a TGase 1 ϩ/Ϫ strain heterozygous for the mutation was established from chimeric males generated from ES clone 27. TGase 1 ϩ/Ϫ mice were intercrossed to generate homozygous TGase 1 Ϫ/Ϫ progeny, the targeted locus of which was confirmed by Southern hybridization (Fig. 1B) . Northern blot analysis revealed that the level of TGase 1 mRNA in the TGase 1 ϩ/Ϫ skin was about half that present in the wild-type skin, and no TGase 1 mRNA was detectable in the TGase 1 Ϫ/Ϫ skin (Fig. 1C) . The mRNA level of TGase 2 and TGase 3, the other TGases expressed in epidermal keratinocytes (35, 36) In contrast with the ridged and laminated appearance of normal stratum corneum (Fig. 3A) , the epidermis of TGase 1 Ϫ/Ϫ progeny was extended and characterized by a thickened stratum corneum in which flattened keratohyalin granules were prominent (Fig. 3B) . Hence, the boundary between the stratum corneum and stratum granulosum was often unclear in TGase 1 Ϫ/Ϫ mice. During embryonic development of mice, maturation of the keratinized stratified epidermis begins at 15 dpc (38, 39). It was not until 16.5 or 17.5 dpc that the unique appearance and these histological features of the TGase 1 Ϫ/Ϫ pups became evident. Hence, late developmental maturation of the epidermis seemed to be compromised in TGase 1 Ϫ/Ϫ mice. In situ hybridization revealed that TGase1 mRNA was localized in the upper spinous and granular layers of the normal epidermis (Fig. 3C ), but it was undetectable in TGase1 Ϫ/Ϫ epidermis (Fig. 3D) . Keratin 14 mRNA, used as a control, was evident by in situ hybridization in a few epidermal layers, including the basal layer, of TGase 1 Ϫ/Ϫ pups as well as controls (Fig. 3 E and F) .
The cornified cells of the stratum corneum in the wild-type and TGase 1 ϩ/Ϫ epidermis consisted of a compact, electrondense cytoplasm with condensed tonofibrils and a cell envelope (marginal band) at the periphery (Fig. 4A ). Nuclei and cytoplasmic organelles, including keratohyalin granules, were absent there. In the TGase 1 Ϫ/Ϫ progeny, the stratum corneum was entirely swollen and the lower cornified cells were filled with remnants of keratohyalin F-granules (40) surrounded by loosely packed tonofibril bundles (Fig. 4B) . After birth of TGase 1 Ϫ/Ϫ pups, the stratum corneum became more compact, possibly by drying, but nuclei and keratohyalin F-granules were still present in the lower stratum corneum. In TGase 1 Ϫ/Ϫ mice, the cell envelope was virtually lost, and instead, electron-dense aggregates of various sizes were adherent or close to the plasma membrane (Fig. 4 B and C) . Thus, the TGase 1 Ϫ/Ϫ mutation causes not only causes defects in cell envelope formation but also damages the process of degradation of nuclei and keratohyalin granules. Loricrin is a major protein component of the cell envelope that is polymerized by -(␥-glutamyl)lysine cross-linking by epidermal TGases (41, 42) . The localization of loricrin in the epidermis was examined by using immunoelectron microscopy. Loricrin labeling was detectable in the cytoplasm, in keratohyalin L-granules (40) , and in the nuclei of the stratum granulosum of skins from TGase 1 Ϫ/Ϫ and control mice. In the stratum corneum, loricrin labeling was present along the cell envelope in control epidermis (Fig. 4D) . However, in the TGase 1 Ϫ/Ϫ epidermis, it was distributed diffusely in the cytoplasm and along the plasma membrane, and accumulated within novel electron-dense aggregates, indicating that these aggregates correspond to abnormal keratohyalin L-granules (Fig. 4E) . After protease digestion of ultrathin sections prior to immunolabeling, loricrin labeling was still retained along the cell envelope in control epidermis (Fig. 4F ), but it was completely lost in TGase 1 Ϫ/Ϫ epidermis (Fig. 4G) . Therefore, both translocation of loricrin from L-granules to the plasma membrane and polymerization of the precursor proteins may be damaged in TGase 1 Ϫ/Ϫ mice.
As has been described for LI neonates (43) , the severe dehydration of TGase 1 Ϫ/Ϫ pups might be due to impairment of the skin's barrier function. To examine this, the transepidermal water loss (TEWL) of the TGase 1 Ϫ/Ϫ skin was assessed with an evaporimeter. As shown in Fig. 5A , TEWL was very low in wild-type and TGase 1 ϩ/Ϫ mice, but was increased more than 100-fold in TGase 1 Ϫ/Ϫ mice. As an alternative approach to evaluate skin barrier function, percutaneous absorption was examined by using [ 3 H]mannitol transport across fullthickness, excised skin (Fig. 5B) . The steady-state flux in the TGase 1 Ϫ/Ϫ skin was more than 1,000 times higher than in normal skin. Further, when diffusion of the fluorescent dye Lucifer yellow in the skin was examined, the dye was found to be retained in the upper layers of the stratum corneum in the control neonatal mice (Fig. 5C ). In contrast, in TGase 1 Ϫ/Ϫ pups, the dye was not only distributed throughout the stratum corneum but was even detectable in the dermis (Fig. 5D) . Proc. Natl. Acad. Sci. USA 95 (1998) the construction of the stratum corneum. In contrast to TGase 2, which is expressed in many tissues and is functional in a variety of biological events (44), such as apoptosis, signal transduction, cytokine modulation, and neurodegeneration, the gene expression of TGase 1 and its regulation are confined to the late stage of keratinization in the stratified squamous epithelium (29) . Indeed, the major apparent phenotype of TGase 1 Ϫ/Ϫ mice was the abnormality in the epidermis. The null mutation of the TGase 1 gene in mice was confirmed by a lack of expression of TGase 1 mRNA in the skin of TGase 1 Ϫ/Ϫ mice by using Northern blotting and in situ hybridization. Kim et al. (36) have suggested that TGase 1 and TGase 3, excluding TGase 2, which is expressed only in the basal keratinocyte fraction, are involved in epidermal keratinization. Because the TGase 2 and TGase 3 mRNA in TGase 1 Ϫ/Ϫ mice was at levels similar to those in control mice, it is unlikely that TGase 2 or 3 is compensating for the phenotypes of the TGase 1 Ϫ/Ϫ skin. Therefore, the phenotype of TGase 1 Ϫ/Ϫ skin seems to reflect well the function of TGase 1 in vivo.
DISCUSSION
As TGase 1 Ϫ/Ϫ mice were smaller than control mice, we examined the skeleton of neonatal TGase 1 Ϫ/Ϫ mice by using Alcian blue and alizarin red S staining (45) . No anomaly of cartilage or bones in the skeleton was observed, except that skeletal growth was slightly retarded in these mice. Fetal growth retardation is uncommon in LI patients and the reason for this phenotype in TGase 1 Ϫ/Ϫ mice is unknown; it may be secondary to abnormal skin development in these mice.
Neonatal TGase 1 Ϫ/Ϫ mice were frequently encased with a transparent membrane, just like collodion babies with LI. Although the nature of the collodion-like membrane in LI has not been fully delineated, the membrane is composed of thickened stratum corneum in some cases (37, 46) . Ultrastructurally, a sheet of cells with characteristics of periderm was seen on the surface of the neonatal stratum corneum in TGase 1 Ϫ/Ϫ mice (data not shown). The periderm, which should normally detach from the epidermis before birth in mice (39) , may be a component of the translucent collodion-like membrane in TGase 1 Ϫ/Ϫ mice, possibly because the underlying abnormal stratum corneum affects the detachment of periderm in TGase 1 Ϫ/Ϫ mice.
Severe ichthyosis develops with hyperkeratotic dark scales in LI, after neonatal periods (22) . The erythrodermic skin of neonatal TGase 1 Ϫ/Ϫ mice became dried and more inelastic with time, and these mice died within several hours of birth. We could not follow further changes in the skin because of that early neonatal lethality. However, grafts of 18.5 dpc TGase 1 Ϫ/Ϫ skin to nude mice developed thickened scales within 2 weeks after transplantation, and the epidermis became hyperplastic with hyperkeratosis (data not shown), similar to histological findings of LI (22) . Analysis of those skin grafts to nude mice is now under way to help further elucidate abnormalities in TGase 1 Ϫ/Ϫ skin, including skin appendages, after the neonatal period.
In the stratum corneum of TGase 1 Ϫ/Ϫ mice, the cell envelope was defective, loricrin accumulated in the novel electron-dense aggregates (abnormal L-granules) which were seen along or near the plasma membrane, and moreover, loricrin immunoreactivity in the stratum corneum was lost with protease digestion. These findings show that TGase 1 is of primary importance in the formation of the cell envelope, especially in the distribution of cell envelope precursors extensively onto the plasma membrane and in firmly crosslinking them together in the cell periphery. Interestingly, Candi et al. (47) have shown that loricrin is cross-linked by TGase 1 and TGase 3, and they suggest that TGase 3 primarily catalyzes intrachain cross-linking and small oligomer formation of the precursor, whereas TGase 1 forms very large oligomeric complexes by interchain cross-links. Because TGase 3 seems unable to compensate for the cell envelope defect elicited in TGase 1 knockout mice, it is likely that the functions of TGase 1 and TGase 3 in cell envelope formation are different from each other. On the basis of that study (47) and our results, we suggest that TGase 3 oligomerizes loricrin in the cytoplasm and TGase 1 then polymerizes these small oligomers together by interchain cross-linking at the cell periphery, which stabilizes them firmly into the cell envelope.
In TGase 1 Ϫ/Ϫ mice, keratohyalin F-granules remained in the lower stratum corneum, indicating that TGase 1 is involved in the degradation of those granules. Filaggrin, a major component of F-granules, not only is associated with the densely packed keratin intermediate filament bundles in the cytoplasm but also is cross-linked with cell envelope precursors (9) . F-granules that remain in the lower stratum corneum of TGase 1 Ϫ/Ϫ mice may be due, at least in part, to defective incorporation of filaggrin into the cell envelope, although it is unclear how TGase 1 and cross-linking reactions contribute to the condensation of tonofibrils with filaggrin in the cytoplasm of the stratum corneum. It is also noteworthy that the disappearance of nuclei as well as of the granules was also impaired in the stratum corneum of TGase 1 Ϫ/Ϫ mice. Polakowska et al. (48) have proposed that keratinization is a specialized form of apoptosis. DNA fragmentation in some granular cells is detectable by using in situ labeling (49) , and it appears to 
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Cell Biology: Matsuki et al. Proc. Natl. Acad. Sci. USA 95 (1998) colocalize with epidermal TGase (48) , but the mechanism of the apoptotic process at the final stage of keratinization has not been well defined. From the results of these TGase 1 knockout mice, we suggest that TGase 1 also plays a critical role in the programmed cell death during keratinization. The drastic increase in the skin permeability of TGase 1 Ϫ/Ϫ mice with immature stratum corneum agrees with the earlier suggestion that the barrier is located in the stratum corneum (50) . The stratum corneum of TGase 1 Ϫ/Ϫ mice at 18.5 dpc was swollen, and after birth, it became compact. This is possibly due to invasion of amniotic fluid during the embryonic stage and to dryness after birth because the stratum corneum of TGase 1 Ϫ/Ϫ mice is impaired for barrier function. Considering the nature of the cell envelope and its strong resistance to treatment with such chemicals and denaturants as diluted alkali or concentrated urea (7, 8) , a marked increase in TEWL and in permeance of mannitol or Lucifer yellow in TGase 1 Ϫ/Ϫ skin might be due to deficiency of the cell envelope. Thus, the TGase 1 knockout mice represent a model with defects in the cell envelope, which has not been previously available and which may be useful for evaluating effects of cosmetics and drugs on improvement of skin barrier function.
In conclusion, this knockout study has clearly demonstrated that the TGase 1 gene is essential for the formation of the cell envelope and for maturation of the stratum corneum. Early neonatal death in TGase 1 Ϫ/Ϫ mice, which is accompanied by impairment of skin barrier function, shows that the TGase 1 gene is important for the survival of animals and their adaptation to the environment after birth. The phenotype of TGase 1 Ϫ/Ϫ mice suggests that null mutations in the human TGase 1 gene might cause severe cases of LI associated with neonatal death. Thus, these TGase 1 knockout mice, with their characteristic epidermal defects, may prove to be a useful model for the investigation of therapy, including gene therapy, for keratinization disorders such as LI.
